Juvenile American white shrimp (Litopenaeus vannamei) were immersed in aerated -glucan and sulphated polysaccharide solutions for 1, 3 and 6 h. Superoxide anion and SOD activity in haemocytes and muscle were investigated to evaluate whether -glucan and sulphated polysaccharide induce any immunostimulatory activity. Haemocytes and muscle showed di#erent levels of superoxide anion generation and SOD activity (2·0 and 1·4 times that of control, respectively) when shrimp were immersed for 6 h in aerated sea water containing -glucan and sulphated polysaccharide.
I. Introduction
Bacterial diseases are known to be an important constraint in the further progress of shrimp culture throughout the world [1] . Vibrio parahaemolyticus and V. harveyi are reported as pathogenic agents in penaeid species [2] [3] [4] [5] . The need for alternative methods for regulating the number of pathogenic bacteria has led researchers to methods of treatment such as probiotics and immunostimulation [1] . Immunostimulants aim at enhancing the non-specific defence mechanisms in animals, including shrimp [6] .
The blood cells of invertebrates are the primary e#ectors in host defence and their involvement in numerous immune processes, as demonstrated in *Corresponding author. E-mail: ascencio@cibnor.mx several phagocytosis, melanisation, encapsulation, and coagulation studies [7] . Phagocytosis is the most common defence mechanism among all animals, including invertebrates [7] [8] [9] [10] .
The haemocytes of decapod crustaceans have generally been classified into three categories, hyaline cells, small granular cells, and large granular cells [8, [11] [12] [13] .
In crustacean immune defence research, a thorough understanding of haemocyte function is important, but has not been studied in detail; in particular, the capacity to generate oxidative responses, such as reactive oxygen intermediates (ROIs) and nitric oxide [14] .
When micro-organisms are engulfed by haemocytes, a series of antimicrobial substances are generated. These substances include highly reactive oxygen species, such as superoxide anion (O 2 ), hydrogen peroxide (H 2 O 2 ), hydroxide ions (OH ), and singlet oxygen (O 2 ). Although oxygen is an essential element for aerobic cells, it also causes potential cytotoxic problems from the generation of highly reactive oxygen species in the respiratory process [15, 16] . The e#ective and rapid elimination of reactive oxygen species (ROS) is essential to the proper functioning and survival of organisms. This is performed by anti-oxidant defence mechanisms, including superoxide dismutase (SOD) that scavenges the superoxide anion [15] .
In shrimp, microbial surface antigens, such as lipopolysaccharides (LPS) and -glucans are able to activate cellular functions directly. These microbial products, called immunostimulants, work on the non-specific immune system and are used as an alternative approach to antibiotic treatment and vaccination in the prevention of diseases in aquaculture species. These immunostimulants are applicable to larval, juvenile and adult stages of both fish and shrimp [15, [17] [18] [19] .
The e$cacy of oral administration of sulphated polysaccharides against viral infections has been proven [20] . The mechanism of action of these compounds has been attributed to the inhibition of virus adsorption to host cells [21] .
Many cellular and humoral factors have been studied with the hope that they might be developed as indicators or measures for the e#ectiveness of potential immunostimulants. Because O 2 is the first product released from a respiratory burst, measurement of this has been accepted as an accurate method for quantifying the intensity of a respiratory burst [22, 23] .
The aim of this study was to measure the basic oxidative functional responses (superoxide anion, and superoxide dismutase, SOD) of American white shrimp haemocytes in vivo, to determine whether they could be used as indicators of the stimulatory activity of some microbial cell wall components, such as -1,6 glucan or sulphated polysaccharide, and live pathogenic bacteria.
II. Materials and Methods

EXPERIMENTAL ANIMALS
Healthy juvenile American white shrimp (Litopenaeus vannamei) were obtained from a commercial shrimp laboratory (Acuacultores de la Península,
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La Paz, BCS, México). The organisms were transported in sea water (27 C, pH 7·8-8·2, and 32‰) in a polystyrene box from the commercial shrimp laboratory to the CIB wet laboratory. Shrimp were acclimatised in a 1500 l fibreglass tank with aeration and filtered (0·2 m) sea water containing 10 mg l 1 of EDTA disodium salt, dehydrate. Filtered sea water was maintained at pH 7·8-8·2, 27 C, and 35‰. Shrimp were acclimatised for 15 days before the experiments and until they reached an average of 10-12 g weight. Shrimp were fed daily with a commercially available pellet.
IMMUNOSTIMULANTS -1,6 glucan from Saccharomyces cerevisiae (Biotec Mackzymal, Tromsø), and sulphated polysaccharide isolated from Cyanothece sp. PE 14 cyanobacteria strain, as previously reported [24] , were used as immunostimulants in culture tanks. -1,3 glucan from Laminaria digitata (SIGMA Chemical Co, Cat. No. L 9634) was evaluated in the activation of haemocytes for the generation of reactive oxygen species. The laminarin ( -1,3 glucan) was dissolved in modified Hank's balanced salt solution, without phenol red (HBSS) to final concentration of 2 mg ml 1 . -1,6 glucan and sulphated polysaccharide suspensions were made in 50 l of aerated sea water. To obtain a final concentration of 0·5 mg ml 1 for -1,6 glucan and 1 g ml 1 for sulphated polysaccharide, 25 g and 50 mg of each reagent, respectively, were added to culture tanks.
POLYSACCHARIDE PREPARATION
Cyanobacterial strains isolated from hypersaline environments were photoautotrophically grown in enriched seawater or in Zarrouk medium, as previously described [24] . Exopolysaccharide separation was done following the methods described by De Philippis et al. [25] . Briefly, cells were removed from the culture medium by centrifugation (14 000 g, 10 min at 10 C; Beckman, Model GS-15R; Rotor No. F2402). Soluble polysaccharides were obtained from the supernatants by addition of 2 vol isopropanol; the precipitate was harvested and dried at 50 C for 3 h.
CHALLENGE WITH VIBRIO PARAHAEMOLYTICUS
V. parahaemolyticus (strain CECT 558) was kindly donated by Dr. Carmen Amaro from the Colección Españ ola de Cultivos Tipo. The strain was stored in LB broth containing 15% glycerol at 80 C. When required, the strain was thawed and incubated on LB agar medium containing 3·5% NaCl. The cultures were incubated at 30 C for 24 h, harvested with a sterile plate scraper and suspended in sterile seawater at a final concentration of 1 10 9 cfu ml 1 . Shrimp were challenged in aerated tanks for 1 h with a final concentration of V. parahaemolyticus in culture tanks of 1 10 7 cfu ml 1 . For this, 500 ml of bacteria (1 10 9 cfu ml 1 ) were added to 50 l of aerated sea water.
EXPOSURE OF SHRIMP TO -1,6 GLUCAN, SULFATED POLYSACCHARIDE, AND
V. PARAHAEMOLYTICUS
Groups of 25 shrimps (per 200 l fibreglass container) were set up 3 days prior to the experiments. Groups of shrimp were immersed for 1, 3 and 6 h in GENERATION OF SUPEROXIDE ANION AND SOD ACTIVITY 0·5 mg ml 1 of -glucan, based on a previous report by Sung et al. [26] or 1 g ml 1 of sulphated polysaccharide (based on previous bioassays performed to select the optimal concentration). Another group was immersed for 1 h in 1 10 7 cfu ml 1 live V. parahaemolyticus suspension. A control group was immersed in seawater under the same conditions as the immunostimulantexposed shrimps. Following the exposure, shrimps were kept in clean aerated seawater and fed three times per day. Three randomly selected shrimp per treatment group were bled after the immersion at 0, 24, 48, 72 and 120 h (and additionally at 18 or 36 h in some experiments).
The haemolymph was analysed immediately and 2·0 g of muscle per animal was stored at 80 C.
HAEMOCYTE COLLECTION Approximately 1·0 ml of haemolymph was collected from the pleopod base of the first abdominal segment near the genital pore, using a 3·0 ml syringe, 27 gauge hypodermic needle, containing 600 l of precooled (4 C) anticoagulant solution with ionic and osmotic strength values of shrimp haemolymph (450 mM NaCl, 10 mM KCl, 10 mM EDTA-Na 2 , 10 mM HEPES, pH 7·3, 850 mOsm kg 1 ) [27] [28] [29] . The haemolymph was placed in sterile glass tubes and kept in an ice bath. Total haemocyte count (THC) was performed immediately in a haemocytometer using a phase contrast microscope (Nikon, Optiphot-2). The ratio of the THC from the stimulated shrimp to the THC of control shrimp was used as an index for comparing the e#ects of di#erent treatments on the haemocyte count. The results were expressed as relative haemocyte count (RHC).
SOD EXTRACTION
Frozen shrimp muscle (100 mg) or 100 l haemolymph was homogenised in a mechanical homogeniser (VWR, San Diego, CA; Cat. No. KT885460-0020) containing 0·5 ml phosphate bu#er (50-mM, pH 7·8). The homogenate was centrifuged (5724 g for 5 min at 4 C; Beckman, Rotor No. F2402) and the supernatant was recovered and heated for 5 min at 65 C to obtain a new supernatant after centrifugation (crude extract), which was stored at 20 C until use [30] . Samples were maintained on ice at all times to avoid protein denaturation.
SOD ACTIVITY ASSAY SOD activity was determined according to Beauchamp & Fridovich [31] using Nitro blue tetrazolium (NBT) in the presence of riboflavin. For this, 2 ml of reaction mixture (0·1 mM EDTA, 13 M methionine, 0·75 mM NBT, and 20 M riboflavin in phosphate bu#er 50 mM, pH 7·8), plus 0-100 l of the crude extract were placed under fluorescent light for 2 min or until A560 in control tubes reached 0·2-0·25 .. The specific activity (units per mg protein) was calculated using a computer program [32] . The ratio of the specific activity of the stimulated haemocytes or muscle to the specific activity of control haemocytes or muscle was used as an index for comparing the e#ects of di#erent treatments on the SOD activity. The results were expressed as relative enzyme activity (SODA).
INTRACELLULAR SUPEROXIDE ANION DETECTION
Superoxide anion was quantified as described by Song & Hsieh [22] . Briefly, 100 l of haemolymph collected from a single shrimp was added in triplicate Eppendorf tubes and centrifuged at 800 g for 5 min (Beckman, Model GS-15R; Rotor No. F2402). After removing the supernatant, 100 l of laminarin (2 mg ml 1 ) or HBSS (control tubes) was added to haemocytes and allowed to react for 30 min at 37 C. After centrifugation, the supernatant was discarded, the haemocytes were washed three times with HBSS, and then stained with NBT solution (0·3%, 100 l) for 30 min at 37 C. The staining reaction was terminated by removing the NBT solution and adding absolute methanol. After three washings with 70% methanol, the haemocytes were air dried and 120 l of 2-M KOH and 140 l DMSO was added to dissolve the cytoplasmic formazan. The optical densities of the dissolved formazan were read at 630 nm. We used the ratio of the .. 630 of the stimulated haemocytes to the .. 630 of control haemocytes as an index for comparing the e#ects of di#erent treatments on the generation of O 2 . The results were expressed as relative superoxide anion production (RAP).
PROTEIN QUANTITATION
The total soluble protein concentration in haemocytes (from 100 l of haemolymph) and in 100 mg of muscle extracts was measured according to Bradford [33] , using the Bio Rad protein dye reagent and serum albumin (BSA) to construct a standard curve. The ratio of the .. 595 from the stimulated haemocytes or muscle to the .. 595 of control haemocytes or muscle was used as an index for comparing the e#ects of di#erent treatments on the protein content. The results were expressed as relative protein content (RPC).
III. Results
GENERATION OF SUPEROXIDE ANION
In response to the immersion treatments, shrimp haemocytes showed a RAP between 1·5-2·0 times greater than for untreated shrimp. The increase of haemocyte respiratory burst was observed between 24 and 48 h after 1 h immersion in sulphated polysaccharide or -glucan (Fig. 1a) . This RAP enhancement was seen at di#erent times, and was dependent on the treatment. The haemocyte response to live V. parahaemolyticus began at time 0 (Fig. 1a) , but the highest response to live V. parahaemolyticus, sulphated polysaccharide and -glucan was recorded after 24 h (Fig. 1a) . Challenging the organisms with live V. parahaemolyticus did not cause mortality during the experiment. Immersion of shrimp for 3 h in -glucan solution induced the highest RAP response 48 h after exposure (Fig. 1b) .
GENERATION OF SUPEROXIDE ANION AND SOD ACTIVITY
One main RAP response of shrimp haemocytes was obtained following 6 h of immersion in seawater containing sulphated polysaccharide or -glucan, at 24 h (Fig. 2a) . To compare responses between single and double stimulation, shrimp were immersed in -glucan for 6 h at 0 and 24 h (glucan 2E). Single or double exposure to -glucan generated a RAP response approximately 2·0 times higher than the control group with peaks being expressed at 24 and 48 h (Fig. 2b) .
SOD ACTIVITY
Exposure of shrimps to sulphated polysaccharide and -glucan for 3 h induced an elevated SODA in muscle, 1·2 times that of the control group, 24 h after exposure (Fig. 3a) . The muscle SODA of shrimp exposed to immunostimulants for 6 h was 1·4 times that of the control group, 24 h after exposure (Fig. 3b) and decreased below the control group value 48 h after treatment, rising to basal values (control values) at 72 h (Fig. 3b) . Fig. 3c shows the SODA in shrimp haemocytes in response to single or double exposure of the shrimp to -glucan for 6 h. The response was 1·4 times 
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higher than the control group at time 0. It then decreased to values similar to the control group at 24 h (Fig. 3c) , while SODA in muscle had maximum values at 24 h (Fig. 3b) . SODA in exposed shrimp haemocytes fell below control values between 48 and 72 h and rose to control values again at 120 h (Fig. 3c) .
SOLUBLE PROTEIN CONCENTRATION
The RPC in shrimp muscle remained constant over time after the exposure to -glucan and sulphated polysaccharide. However, there was a small increase approximately 1·2 times higher than the control group, at 48 h following 6 h immersion of shrimps in -glucan (Fig. 4a) . In contrast, the RPC of shrimp haemocytes tended to increase 48 h after double exposure for 120 h after single exposure to -glucan (Fig. 4b) . The increase of RPC in shrimp haemocytes was faster with double exposure than with single exposure to -glucan (Fig. 4b) .
HAEMOCYTE COUNT RHC of American white shrimp haemolymph (Fig. 5) showed the same tendency as RPC (Fig. 4b) . That is, the highest circulating haemocyte count was obtained 120 h post-treatment of shrimps using single (glucan) and double (glucan 2E) exposure (Fig. 5) . Single exposure to -glucan decreased the RHC values at time 0 (Fig. 5 ). This decrease was prolonged following double exposure to -glucan for a further 24 h (Fig. 5) .
IV. Discussion
Many cellular and humoral factors have been studied with the hope that they might be used as indicators for measures of the e#ectiveness of potential immunostimulants [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Enhanced survival of shrimp to bacterial pathogens, after challenge with immunostimulants, has been reported previously [21, 34, 35] , but there is little knowledge regarding cellular and humoral responses of shrimp to immunostimulants. The capacity of shrimp haemocytes to generate O 2 , following immersion of the shrimp in -glucan or sulphated polysaccharide, varied between 1·5-2·0 times higher than that of the control. The particular culture conditions and the physiological conditions of shrimp can cause di#erences in the capacity of the response [26, 36] .
Although the doses of sulphated polysaccharide was 500 times lower than that of -glucan, the immune responses of haemocytes and muscle cells were similar in both treatments.
The use of laminarin to elicit the respiratory burst in crustaceans has been studied previously. Muñ oz et al. [37] reported the induction of respiratory burst in the haemocytes of L. vannamei using laminarin at final concentrations of 1, 5 and 10 mg ml 1 , but 5 g ml 1 of laminarin failed to elicit this response in hyaline cells of the shore crab, C. maenas [38] . 
GENERATION OF SUPEROXIDE ANION AND SOD ACTIVITY
Comparing the haemocyte oxidative capacity with the immersion time (1, 3 or 6 h) in the immunostimulants, there was a response 2·0 times higher than haemocytes of the control shrimp. Song & Hsieh [6] reported similar results in P. monodon haemocytes after activating haemocytes with -glucan. In our study, we found a peak of RAP at 24 and 48 h after 1 h of immersion in response to sulphated polysaccharide and -glucan, respectively.
Prolonged increases in the oxidative response from 24-48 h after exposure of the haemocytes from shrimp exposed for 6 h to -glucan were observed. Values returned to control levels after 72 h. Karunasagar et al. [39] using bactericin and -1,3 glucan in P. monodon, found a peak of ROS at 48 h after oral administration.
Although the increased ROS response of immunostimulated shrimp haemocytes lasted less than 72 h, Sung et al. [26] demonstrated that the survival of P. monodon can be enhanced when it is immunostimulated (3 h of immersion with glucan) 18 days before a challenge with V. vulnificus.
The capacity of Vibrio sp. to invade tissues in shrimp was examined by de la Peñ a et al., [40] . They determined changes in viable cell number and distribution of Vibrio sp. PJ in organs of orally infected P. japonicus. The pathogen was detected in haemolymph and stomach at 3 h post-infection, and started to disappear from all the organs from 8-12 h. Thus, the rapid but transient increase in superoxide production in L. vannamei exposed for 1 h to live Vibrio (compared with the immunostimulated groups), could be due to the capacity of live bacteria to invade shrimp tissues after a short period of exposure, but also to the rapid elimination of the pathogen from the haemolymph [41] .
An increase in the haemocyte antioxidant (SOD) levels occurred following 6 h immersion in -glucan at time 0 (1·5 times higher than the control). This was followed by a decrease of the antioxidant levels below control values at 48-72 h. This is similar to those studies related to oxidative stress such as pollution, bacterial infections, decrease of oxygen content in culture tanks, or the use of immunostimulants. Neves et al. [42] reported a significant decrease in SOD activity when shrimp (Palaemonetes argentinus Nobili, 1901) was infected by Probopyrus ringueleti. Macmillan-Crow [43] suggested that inhibition of Mn-SOD activity by peroxynitrite could be related to numerous disease states. In contrast, nitric oxide and peroxynitrite are microbicidal substances known as reactive nitrogen species (RNS) and their production in cells enhances the innate immune response. The decrease in RHC observed at 0 and 24 h following immersion of shrimp in the immunostimulants can be related to findings in other studies [34, 44, 45] . Le Moullac et al. [46] reported a decrease in THC of shrimp following severe hypoxia (1 mg O 2 ml 1 ) for 24 h. Oxidative stress in shrimp may be related to the initial immune response obtained here, and the possible susceptibility of shrimp to potential pathogens within the first 48 h after exposure to immunostimulants [44, 47] . Sequeira et al. [48] concluded that a decrease of THC, in response to bacteria or foreign material by injection, is compensated with a later increase.
The increase in RHC and RPC 48 h after exposure to immunostimulants may be related to the protective e#ects of the shrimp immune system against potential pathogens [49] , since cellular responses are the main immune defence in invertebrates [47, 48, 50] . Karunasagar et al. [39] suggested that certain proteins are induced by treatment with immunostimulants. In contrast, Le Moullac et al. [46] found a correlation between the resistance to vibriosis and the phenoloxidase activity, but not to THC during the moult cycle in P. stylirostris.
Sung et al. [26] and Dugger [51] reported that twice-a-week exposure to foods with -1,3 glucan is su$cient to maintain an optimum non-specific immune cell activation in shrimp. In the present study, only single exposure with -glucan was necessary to activate the haemocyte oxidative responses as well as RPC and RHC. An increase in RHC indicates a potential protection against diseases in shrimp.
